This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of the resulting proof before it is published in its final form. Please note that during the production process errors may be discovered which could affect the content, and all legal disclaimers that apply to the journal pertain. anatase crystal size (8-11 nm) and high crystallinity (around 80 %). The concentration of the HCl used in the synthesis has a significant effect on the two first mentioned parameters and on the proportion of crystalline phases (anatase-brookite-rutile) developed. There is a good correlation between the amount of hydroxyl surface groups and the specific surface area (SBET), but regarding 3 surface density of OH groups there are, as well, some differences between samples (the samples with higher OH surface densities are those prepared with less concentrated HCl solutions).
Introduction
TiO2 materials have appealed considerable interest as photocatalysts for many applications, among which the decomposition of harmful organic pollutants can be pointed out [1] [2] [3] . TiO2 photocatalysts show outstanding properties like excellent oxidative capability, chemical stability, low price, non-toxicity and biocompatibility [4] [5] [6] . For this reason, an intense research is being devoted to develop simple and suitable synthesis methods to obtain TiO2 with improved photocatalytic efficiency, and to broaden the knowledge of how the physical and chemical properties of TiO2 determine its photocatalytic activity [7] [8] [9] [10] [11] .
It is known that the reagents and conditions used in the TiO2 synthesis strongly determine the key physical and chemical properties of the photocatalysts. In particular, the main properties relevant to the catalytic performance are: surface area, crystalline structure and crystalline phases present, surface chemistry and optical behavior [12] [13] [14] [15] .
It is usually accepted that the larger the surface area, the higher the catalytic activity, in accordance with the superficial reactions involved in the photocatalytic process [16] . However, in materials like TiO2, the surface area is strongly linked with the degree of crystallinity and crystal size and, in general, large surface areas correspond to materials with relatively low crystallinity and/or small crystal size [16] . Therefore, because these two properties of TiO2 (large surface area and amorphous contribution) have, in principle, opposite effects in the photocatalytic performance, a proper balance of them should be considered as the most suitable situation.
Together with the degree of crystallinity, the presence of different crystalline phases is a crucial and controversial parameter that affects the photocatalytic performance of TiO2 in different applications. On one hand, crystalline TiO2 seems to be more effective than amorphous titania to prevent recombination of electrons (e -) and holes (h + ) [17] . Maybe because of that, most references just deal with the characterization of crystalline TiO2, setting aside the analysis of the amorphous contribution, leaving unregarded the degree of crystallinity and the fact that amorphous titania could have some positive influence [17] [18] [19] [20] [21] [22] . On the other hand, while in some works anatase is considered as the most photoactive TiO2 crystalline phase [23] [24] [25] , other published papers state that materials containing different TiO2 polymorphs (mainly anatase with some rutile) are more active in oxidation processes [26] [27] [28] [29] . This synergistic positive effect of mixed phases has been attributed to a lower electron-hole recombination rate [30, 31] , and/or to particular defects in the rutile/anatase interface in which charge transfer complexes would be favorable [32] .
Although brookite is frequently encountered as a by-product in TiO2 photocatalysts prepared by sol-gel or hydrothermal methods [33] , it is less studied than anatase and rutile. In general, data about pure brookite are lacking mainly because of the difficulty of synthesizing this metastable phase with a high purity, being brookite the least known TiO2 photocatalyst [34] . In recent years, several studies have dealt with the behavior of brookite in photocatalytic oxidation applications [34, 35] , but its role has not been clearly stated yet.
Surface chemistry of TiO2 has received much less attention than its crystallinity. Some studies report that surface -OH groups play an important role in the activity [36, 37] , acting as capture centers for the photoexcited electrons [38] and preventing recombination of electrons and holes [18, 39] . It has also been published that adsorbed water and hydroxyl groups can react with generated holes to produce hydroxyl radicals [30] , which are powerful oxidants in the degradation of organic compounds [37] . The OH concentration depends on the surface area, but it also seems to be related with the TiO2 phases and degree of crystallinity [28, 40] . In contrast with what happens with other parameters, there is not a widely accepted standard method to characterize and quantify the surface chemistry of TiO2.
As mentioned above, the preparation procedure strongly determines the TiO2 physical and chemical properties, but it must be noted that the available methods have different degrees of complexity and cost. The sol-gel synthesis is widely employed due to the inexpensive equipment required, the low temperatures used and the high homogeneity and purity of the obtained product [41] [42] [43] [44] [45] [46] . In contrast, hydrothermal (HT) techniques have been much less used. They are recently becoming interesting tools for advanced nanomaterials' synthesis and potential methods for preparing highly crystalline TiO2 [12, 47, 48] . However, they are more complex because two steps and the use of surfactants and co-surfactants [49] [50] [51] or organic solvents, like n-hexane or cyclohexane [50] [51] [52] , are usually involved.
In both methods, the nature and concentration of the acid hydrolysis medium used seem to play a substantial role in controlling the morphology and crystal structure of the synthesized TiO2 [26, [49] [50] [51] [52] [53] [54] [55] [56] [57] [58] [59] [60] [61] [62] . Nitric, sulfuric, acetic or hydrochloric acids have been used [52, 61, 62] , and it has been found that not only the acid concentration, but also the nature of the anion counterpart affects the nucleation process, the crystal growth and the morphology of TiO2. It has been reported that SO4 2-and CH3COO -anions could retard the formation of rutile [52, 61] , whereas this phase is easily formed in HNO3 or HCl media [52, 61, 62] . Besides, the presence of Cl -anions seems to lead to smaller TiO2 crystals [61] and the use of hydrochloric acid has the advantage of its lower price.
In this context, the present study focuses on the synthesis of TiO2 photocatalysts by a one-step hydrothermal process at low temperature and short time using aqueous HCl solutions as hydrolysis media. The investigated variable is the concentration of the HCl solution. Special attention has been paid to the characterization of the prepared materials, particularly because properties like the degree of crystallinity and the surface chemistry are not considered in many studies; and aspects like the detailed distribution of crystalline phases and their role in photocatalysis are sometimes controversial.
The catalysts have been tested in the gas phase photocatalytic oxidation of propene at low concentration, 100 ppmv, trying not only to develop effective photocatalysts for this reaction, but also to determine the role of the TiO2 properties on their catalytic performance. Propene has been selected as a representative substance of VOCs (Volatile Organic Compounds). It is present in vehicle emissions, in many industrial effluents, such as those of petrochemical plants, foundry operations and others [63, 64] , and it is also an important component of tobacco smoke [65, 66] .
The test is carried out at low propene concentration because this is usually the case for VOCs in gas effluents and the implementation of efficient removal techniques is difficult and costly in these conditions [67] .
Experimental

Materials
Titanium (IV) tetraisopropoxide (TTIP, 97%) was purchased from Sigma-Aldrich.
Absolute ethanol (C2H6O, 99.8 %) and hydrochloric acid (HCl, 37%) were supplied by Panreac. All reactants have been used without further purification. A commercial TiO2 material, P25 from Evonik (previously Degussa), has been used as reference photocatalyst.
Preparation of TiO2 materials
TiO2 was prepared by hydrothermal synthesis using a procedure adapted from the sol-gel method described by Wang et al. [56] . In a typical synthesis, 4 ml TTIP and 20 ml ethanol were stirred at room temperature for 1 h, and then a mixture of HCl solution (4 ml of 0.5, 0.8, 1, 3, 5, 7 or 12M concentration) and ethanol (10 ml) was added dropwise. The mixture was continuously stirred for 1h, and then it was transferred to a 50 ml Teflon-lined stainless steel autoclave, which was heated in an oven at 180 ºC for 12 h and then cooled down to room temperature. Afterwards, the solid was filtered, dried at 100 ºC for 12 h and, finally, heat treated in air in a muffle at 5 ºC/min up to 350 ºC, for 2 h.
The synthesized materials are named TiO2-xM, where x refers to the molar concentration of the HCl solution used. Note that the acid concentration in the synthesis pot is about 10 times lower (i.e. if 4 ml of 12 M HCl solution are used, considering that the total volume is 38 ml, the HCl concentration in the synthesis medium is 1.27 M).
[HCl] has been used as an abbreviation of HCl solution concentration in some parts of the manuscript.
Characterization
Porous texture was characterized by N2 adsorption at -196 ºC in a volumetric Autosorb-6B
apparatus from Quantachrome. The samples were previously degassed at 250 ºC for 4 h. The BET equation was applied to the nitrogen adsorption isotherms to get the apparent BET surface areas (SBET). The Dubinin-Radushkevich equation was applied to the N2 adsorption data to determine the total micropore volume (VDR N2, pores with size < 2 nm) [68] . The mesopore volume (Vmesopore 2 nm<  < 50 nm) was calculated as the difference between the volume of N2 adsorbed at P/P0 = 0.9 and P/P0 = 0.2, expressed as a liquid [69] . The total pore volume (VT) was determined from the volume of nitrogen adsorbed at a relative pressure of P/P0 = 0.99.
The percentage of crystalline TiO2, phase composition and crystallite size were determined by Xray diffraction (XRD) at room temperature. Details on the method used for the determination of the percentage of crystallinity and phase compositions are explained in the XRD results section.
The XRD patterns were recorded both for TiO2 samples and for mixtures of these samples and CaF2 (50 %, w/w), using the equipment Miniflex II Rigaku (30 kV/ 15 mA) with Cu Kα radiation and a scanning rate of 2 º/min, in the 2θ range 6-80º. The average crystallite size, referred to as crystal size, was calculated by the Scherrer equation (Eq. (1)) [70] :
where B is the average crystallite size (nm); is the wavelength of the radiation used (0.1540 nm for Cu K, K is the Scherrer constant (K = 0.93) [70] , β is the full width at half maximum intensity (FWHM) and θ is the angle associated to the main peak of the studied phase (these peaks are those at 2θ values of 25.3, 27.5 and 30.8 º for anatase, rutile and brookite, respectively).
The materials morphology was studied by scanning electron microscopy in a JEOL JSM-840 instrument.
The surface chemistry of the TiO2 materials was analyzed by: i) Fourier transform infrared (FTIR) spectroscopy (FTIR JASCO 4100) in transmission mode from 400 to 4000 cm -1 , and ii) by thermogravimetry (TG SDT Q600) in N2 flow (50 ml/min), with a three steps temperature program: 10 ºC/min up to 120 ºC, 15 min isothermal at 120 ºC, and 10 ºC/min from 120 to 750
°C.
The optical absorption properties were studied by UV-vis/DR spectroscopy (Jasco V-670, with integrating sphere accessory and powder sample holder). BaSO4 was used as the reference standard and the reflectance signal was calibrated with a Spectralon standard (Labsphere SRS-99-010, 99% reflectance).
The absorption edge wavelength was estimated from the intercept at zero absorbance of the high slope portion of each individual spectrum in the range 200 to 800 nm (absorbance method). Then, the band gap can be calculated [71] as:
where Eg is the band gap energy (eV) and λ is the edge wavelength (nm).
Indeed, indirect and direct electron transitions were also supposed and calculation of the band gaps was performed by plotting (F(R)h) 1/2 vs h (indirect method) and (F(R)h) 2 vs h (direct method), according to reference [72] .
Photocatalytic oxidation of propene
The experimental system used to perform the activity tests was designed in our laboratory and basically consists of a quartz reactor (AFORA) and a 365 nm Philips UV lamp (UV-A) placed parallel to the quartz reactor at a distance of about 1 cm. The assembly quartz reactor-lamp is surrounded by a cylinder covered by tinfoil. A scheme of this system is shown elsewhere [73] .
In a typical experiment, 0.11 g photocatalyst were placed on a quartz wool plug inside the reactor and then, after purging with helium, a stream of 100 ppmv propene in air (30 or 60 ml/min (STP)) was passed through the reactor at 25 ºC, being the outlet gas continuously analyzed by mass spectrometry (Balzers, Thermostar GSD 301 01). Once the propene concentration is stable (after about 3 h) the lamp is switched on and kept working until a stationary propene signal is achieved
The experiments were repeated at least twice to check reproducibility. Propene conversion was calculated using the following expression:
where CinitialC3H6 is the initial propene concentration, 100 ppmv, and Cstationary C3H6 is the stationary propene concentration reached after a certain time of irradiation.
The carbon dioxide produced during oxidation was followed by mass spectrometry and quantified using a calibrated cylinder (300 ppmv CO2 in helium). Water evolution was also followed by this technique and a mass scan was carried out to determine if additional oxidation compounds were present in the outlet stream. Figure 1 shows the N2 adsorption-desorption isotherms of the seven TiO2 samples synthesized using HCl solutions of different concentration. It can be observed that all samples are mesoporous, with type IV adsorption isotherms according to the IUPAC classification [74] , but with some significant differences in their porosity. Table 1 summarizes the textural properties of the synthesized TiO2 samples and of the TiO2-P25 reference material. It can be observed that the prepared TiO2 samples have larger surface areas and pore volumes than the commercial material, and also that the HCl concentration used in the synthesis has a noticeable effect on the textural properties. In general, the surface area decreases as the concentration of the HCl increases. There are clear differences in surface areas and total pore volumes between samples, but the variation of these two parameters is not linked in the same way in all cases. Thus, samples TiO2-0.5M and TiO2-0.8M have almost the same surface areas, but they differ in their total pore volumes (entries 1 and 2); samples TiO2-1M, and TiO2-3M
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(entries 3 and 4), and also samples TiO2-7M and TiO2-12M (entries 6 and 7), have similar surface areas and similar pore volumes, while samples TiO2-0.8M and TiO2-7M (entries 2 and 6) have different surface areas and similar pore volumes.
The surface areas and pore volumes shown in Table 1 are three to four times higher than those of other reported TiO2 materials also prepared by hydrothermal synthesis using HCl [52, 60] , with the added advantage of eluding the use of n-hexane [52] or of a two-step-procedure [60] . In some works, porosity characterization of the synthesized TiO2 is not presented; this is the case, for example, of the two-step HCl-assisted hydrothermal process based on cetyl trimethylammonium bromide [49] and of the microemulsion method reported by Wu et al [51] . 25.7º (111) and 30.8º (121) [70] , whereas the peaks located at 27.5º (110), 36.1º (101) and 54.4º
XRD analysis
(211) correspond to rutile [75] . It must be mentioned that the main diffraction peak of anatase (101) overlaps with the (120) and (111) peaks of brookite [70] .
Taking into account this information, data of Figure 2 show that samples TiO2-0.5M and TiO2-12M contain anatase and brookite, whereas samples TiO2-0.8M, TiO2-1M, TiO2-3M, TiO2-5M
and TiO2-7M contain anatase, brookite and rutile in different proportions. That is, the three TiO2
crystalline phases are present in most samples, and rutile is only absent in those prepared with the lowest and highest HCl concentrations.
The phase composition (in wt. %) of crystalline TiO2 can be calculated from the integrated areas of the main peaks of anatase (101), brookite (121) and rutile (110) by means of the following expressions [70] :
Where WA, WB and WR are the weight fractions of anatase, brookite and rutile, respectively, and IA (101), IB (121) and IR (110) are the integrated intensities of the (101) anatase, (121) brookite and (110) rutile peaks in the XRD spectra, respectively. KA and KB are correction coefficients optimized by Gribb and Banfield [76] , and Zhang and Banfield [70] , with KA=0.886 and KB=2.721 values.
If the sample only contains anatase and rutile, as it is the case in P25, the weight fraction of rutile (WR) can be calculated from [70] :
Overlapping of the main diffraction peak of anatase (101) with the (120) and (111) brookite peaks confers some complexity to the analysis. A numerical deconvolution of the peak located at about 25 º was carried out to determine the areas of (120) and (111) brookite peaks. The procedure for such a deconvolution is briefly described next. As indicated above, the XRD pattern in the 22-34º 2θ range comprises peaks corresponding to the following crystal faces: anatase (101) [70] . After baseline subtraction, and taking into account the peak positions and intensities, this fragment of the XRD spectra was fitted by 50%-50% Lorentzian-Gaussian curves. Figure 3 shows, as an example, the deconvolution performed in the XRD pattern of sample TiO2-3M. For the fitting, it is assumed that broadening of (120), (111) and (121) Table 2 .
Data in Table 2 show that the concentration of the HCl solution used in the TiO2 synthesis has an important influence on the phase composition of the prepared samples.
Average crystal size, calculated from FWHM values of the corresponding peaks previously deconvoluted, has been also included in Table 2 . It can be observed that the crystal size increases with the concentration of the HCl solution used in the synthesis.
The next target was to quantify the crystalline and amorphous TiO2 in each sample, being the latter a relevant parameter that has not been considered in most studies. In the procedure reported by Jensen et al. [22] , TiO2 crystallinity is determined with respect to a 100% crystalline CaF2 sample using XRD spectra of 50/50 (w/w) TiO2/CaF2 mixtures. The authors indicate that the amount of crystalline anatase (Acryst) and rutile (Rcryst) can be calculated using these equations: 
Where AAnatase, 101, ARutile, 110 and ACaF2, 220 are the areas determined from the TiO2/CaF2 XRD pattern, and 1.25 and 0.9 are, respectively, the ratio between areas of the same peaks when a pure anatase or rutile crystalline TiO2 sample is used.
However, the procedure does not include a similar calculation for brookite, and we have not found in the literature a value for the area ratio of the (121) peak of pure 100% crystalline brookite to the pure 100% crystalline CaF2 (220) peak, necessary to complete the assessment of crystalline TiO2 in this way. The study of Bellardita et al. [77] only focuses on brookite and uses this equation:
,121 = 1.04 (10) in which FWHM values are considered, instead of areas. Calculation of brookite content in our samples with the equation of Bellardita et al. [77] did not provide coherent data that agree with our experimental XRD patterns and with the brookite weight fractions shown in Table 2 . Because of that, in the present work we propose and use a new method to have the complete quantification of crystalline TiO2 in samples that contain anatase, brookite and rutile. After calculating crystalline anatase (Acryst) and rutile (Rcryst) by equations (8) and (9), we determine crystalline brookite with a procedure based on the following idea: the ratio between the amount of two crystalline phases should be equal to the analogous ratio between the weight fractions. Thus, to determine Bcryst we assume BCryst/ACryst=WB/WA and BCryst/RCryst=WB/WR (WA, WB and WR were previously calculated by equations (4) -(6), Table 2 ), what leads to two values of Bcryst calculated as follows:
Taking into account that BCryst1 and BCryst2 should be similar for the validity of the procedure, the arithmetic media between these two values has been taken as the actual BCryst. The values of ACryst, RCryst and BCryst are included in Table3.
The B Cryst data obtained using the procedure previously commented have allowed us to determine a value for the area ratio between 100 % crystalline brookite and CaF2, as done by Jensen et al.
for anatase and rutile. Thus, equation (13) is analogous to equations (8) and (9) × 100
where BCryst is the arithmetic media of the values calculated from equation (11) and (12), ABrookite, 121 and ACaF2, 220 are the areas determined from the TiO2/CaF2 XRD pattern of the TiO2/CaF2 (50/50, (w/w)) mixture and, thus X is the area ratio between 100 % crystalline brookite and CaF2.
The results of the present study have allowed to determine the value of X= 0.37.
This value, 0.37, can be used to determine the crystalline brookite by the procedure proposed by Jensen et al [22] .
The percentage of crystalline (WCryst) and amorphous (WAm) phases present in the TiO2 samples was finally determined as:
= 100 −
ACryst and RCryst were calculated by using Jensen's method and BCryst was calculated as indicated above.
The calculated parameters are presented in Table 3 , where the data obtained for the reference TiO2-P25 have also been included. Note that the amorphous phase determined for P25 by this method is similar to the values reported in the literature [21, 22, 78, 79] .
Scheme 1 shows, for clarity purposes, a graphical explanation of the crystalline/amorphous fraction and the crystalline phase distribution.
According to data of Table 3 , the prepared TiO2 samples show a high crystallinity (~80%).
However, compared with TiO2-P25, the prepared samples contain a higher amorphous phase fraction, what is consistent with the higher surface area of these materials (100-135 vs 55 m The formation of different TiO2 phases must be determined by the mechanisms of in-situ transformation and dissolution and recrystallization that prevail at different HCl concentrations [49] .
The formation of brookite is likely related to the relatively low activation energy for the transformation of anatase to brookite (11.9 kJ/mol), what allows such a transformation to proceed at low temperature [70] . Temperature conditions of the present work (180 °C in the hydrothermal synthesis, and 350 °C in the heat treatment) seem to favour the development of brookite and to hinder the extensive transformation of anatase and brookite to rutile. Furthermore, as reported in the literature, the interface B-A provides potential nucleation sites for the AR transition [80] .
Therefore, samples with a higher brookite content are prone to suffer the A-R transition, in agreement with the results presented in Table 3 .
The influence of the HCl concentration on the TiO2 synthesis is reported in a limited number of references [49] [50] [51] 60] . However, because of the important differences in the experimental conditions used, it is often difficult to compare results. In any case, it can be concluded that the concentration of the hydrochloric acid plays an important role in the development of the crystalline structure of TiO2, but the samples' properties noticeably differ depending on the synthesis method and the experimental conditions selected. Fig S1) show that all the samples, with the exception of TiO2-12M, present an irregular morphology. The grains of sample TiO2-12M have spherical shape and this seems to indicate that a HCl concentration above a certain minimum value is required for the development of such morphology [33, 52] .
Scanning electron microscopy characterization SEM images (Supplementary information,
Surface chemistry characterization
The TiO2 surface chemistry has been scarcely investigated, probably because of the difficulty in the characterization and quantification of surface species. In this work, we have approached such a study by FT-IR and TG.
The obtained FTIR spectra ( Figure 5) show the following main patterns: i) The broad band at about 3350-3450 cm -1 is attributed to the O-H stretching of water physisorbed on the TiO2 surfaces and hydrogen-bonded hydroxyl groups [81] . ii) Bands at 3600-3700 cm -1 are assigned to OH groups bound to single Ti atoms [82] ; peaks at 3693 and 3632 cm -1 correspond to the stretching modes of free -OH groups on anatase Ti 4+ , while the band at 3665 cm -1 can be assigned to bridging hydroxyls [82, 83] . There is no evidence of Ti 3+ -OH bands (that would have appeared at 3617 cm -1 ) [84] ). iii) The band near 2300 cm -1 is due to bidentate carbonate and bicarbonate species [85] .
iv) The band at 1637 cm -1 corresponds to the O-H bending modes of water molecules [81] . v) The strong absorption observed below 850 cm −1 is attributed to lattice vibrations of TiO2 [81] .
Comparison between FTIR data of the different samples shows that the band at 1637 cm -1 (-OH bending modes of water) is similar for all the samples, and no significant differences between samples are observed in the 3600-3700 cm -1 region. However, the band at about 3350-3450 cm -1
(physisorbed water molecules) is more intense in the TiO2 samples than in the P25 reference material. We can postulate that this difference arises from the larger surface areas of the TiO2 prepared samples, which leads to larger content of physisorbed water molecules.
The IR band due to the TiO2 lattice vibrations (at 850 cm -1 ) is similar for TiO2-0.5M, TiO2-0.8M, TiO2-1M and TiO2-7M samples. It is less intense for TiO2-3M, likely due to its higher rutile content, and it is noticeably more intense for TiO2-12M, what could be related to its different morphology and larger crystal size.
The presence of COO -species (band near 2300 cm -1 ) has only been observed in sample TiO2-12M, and such species could be the result of the reaction of HCl with unreacted organic fragments of the TTIP precursor or/and ethanol. The presence of such carbonate groups has been previously reported and attributed to the interaction of Ti-O bonds with organic molecules present in the reaction medium [86] .
Although FTIR gives useful information about the surface chemistry of these materials, a more quantitative approach is necessary to better compare the different samples. For this reason, we have also carried out a TG characterization based on the method reported by Di Paola et al. [21] , by which the weight loss in several temperature intervals is assigned to the removal of different surface species: i) 30-120 ºC  physically adsorbed water (humidity), ii) 120-300 ºC  weakly bonded OH groups and iii) 300-600 ºC  strongly bonded OH groups [21] . Table 4 compiles the obtained results. It can be observed that, in general, the samples prepared with the lower concentration HCl solutions show the higher humidity and amount of OH groups, being in all cases higher than in P25.
Analysis of the relationship between OHT and the specific surface area (SBET) shows a good linearity between both parameters; that is the larger the surface area, the larger the total OH groups content, in agreement with the literature [21, 28] . In spite of this, there are some differences in the surface density of total surface hydroxyl groups (calculated as number of OH groups per gram divided by SBET (Table 1) and included in Table 4 ). The samples with higher OH density are those prepared with less concentrated HCl solutions.
3.1.5. UV-vis analysis of TiO2.
The main problem for the experimental calculation of Eg from optical spectroscopy is based on the adequate selection of the method used for it, considering the possible electronic transitions, which depend on the crystalline phases present in the semiconductor. Some authors have reported that TiO2 has a direct forbidden gap, which is also degenerated with an indirect allowed transition [87] , whereas other authors have reported direct allowed transitions [72] . Because of that, in this work, the band gap energy, Eg, has been calculated by the absorbance method and by plotting (F(R)h) 1/2 vs h (indirect method) and (F(R)h) 2 vs h (direct method) [72] , as indicated in the experimental section.
The calculated Eg values are presented in Table 5 , where weight fractions of anatase, brookite and rutile in the crystalline phase of TiO2 (Table 2) Data of Table 5 show that there are significant differences in the Eg values of the prepared samples. As expected, the phase composition strongly affects the band gap, and the obtained data show that the Eg values seem to be directly related with the proportion of anatase in crystalline TiO2. Figure 6a shows values of propene conversion obtained with the two flow-rates tested. These results indicate that all the prepared photocatalysts are active, being five of them even more active than the reference P25 TiO2. Besides, the same tendency is found with the two propene flowrates, what can be considered as proof of the reproducible behavior of these catalysts. As expected, propene conversion is higher when the lower gas flow is used (because the contact time is longer and/or lower amount of propene molecules have to be oxidized per unit of time).
Photocatalytic activity
The mass scan carried out to determine oxidation compounds in the outlet stream reveals that CO2
is the only oxidation product. Also, quantification of the produced CO2 has allowed to perform a carbon balance which confirms that total mineralization of propene takes place, according to the following reaction and in agreement with the literature [88, 89] :
2 C3H6 + 9 O2  6 CO2+ 6H2O
According to Figure 6a , the activity order of the investigated photocatalysts is the following:
In order to study the relationship between the photocatalysts' properties and their catalytic activity, propene conversion, BET surface area, pore volume and anatase content of each sample have been plotted in Figure 6b . A relatively good correlation between the plotted parameters can be observed. However, it must be pointed out that it is extremely difficult to analyse the influence of a particular property of the TiO2 samples in the catalytic performance because some parameters are closely linked and some of them have opposite effects. For example, the OH content is directly related with the surface area and with the crystalline structure, as mentioned before and as reported in the literature [21, 28, 40] ; However, surface area, total crystallinity and crystal size are related in a complex, almost inverse, way.
A tentative interpretation of the tendencies observed in Figure 6b is presented next. Samples prepared with 0.8 and 0.5M HCl show the highest activities, very similar for the two of them.
Their superior performance in comparison to the other materials can be explained considering that they contain a large amount of anatase and the highest surface areas. The slightly higher activity of sample TiO2-0.8M, despite its lower anatase content, can be attributed to its higher pore volume (see Figure 6b ).
Following the mentioned trend, sample TiO2-1M is less active than TiO2-0.8M, in agreement with its lower surface area (and less OH groups content) and pore volume. Although the textural parameters of sample TiO2-3M are similar to those of TiO2-1M, the first one is clearly less active, and this is probably due to its lower anatase content.
As mentioned before, TiO2-3M and TiO2-5M show the lowest photocatalytic activity. In comparison with the rest of samples, they have the lowest anatase content and the highest amount of rutile and brookite.
Sample TiO2-5M is slightly more active than TiO2-3M and, thus, it can be assumed that its higher anatase content compensates its poorer textural properties.
In the case of samples TiO2-7M and TiO2-12M, the balance of properties (higher surface area and pore volume of TiO2-7M and higher anatase content in TiO2-12M) lead to a slightly higher activity of sample TiO2-12M. It can be mentioned that sample TiO2-12M has spherical morphology and contains COO -surface species, but we are not aware about the effect of these characteristics in photoactivity yet.
In summary, the obtained results show that the textural properties of TiO2 play a relevant role in its catalytic activity. In particular, the specific surface area is a very important parameter because it determines the exposed semiconductor surface and the amount of OH surface groups. The amount of anatase is, as well, a key parameter in the activity of TiO2 for propene oxidation. This result is in agreement with reported information that assures that the charge carrier recombination rate is lower in anatase than in other crystalline phases [32, 90, 91] . Anatase is regarded as an indirect semiconductor with phonon assisted electron-hole recombination, what leads to longer life charge carriers [91] .
Finally, and taking into account all these results, it can be stated that the activity does not depend separately on any of these parameters, but it is maximized by a convenient combination of them. 
